Li et al. [1] identified a failure of the ''Combined Model'' proposed by Sahai and Emi. [2] Specifically, the ''Combined Model'' predicts a large dead volume fraction for a well-mixed tank (V d /V @ 0.406), while it is in fact null for this ideal flow. In order to overcome this problem, the authors proposed a ''New Method'' for evaluating the dead volume fraction based on the F-curve-Eq. [5] of the original paper.
Unfortunately, the ''New Method'' also suffers from a similar problem. For the ideal plug flow, [3] the actual dead volume fraction is null. However, the ''New Method'' would predict a negative dead volume fraction for this case. Since no fluid stays more than two residence times in a plug flow vessel (V 2 /V = 0), the dead volume fraction predicted is V d /V = V 2 /V À exp (À 2) @ À 0.135. Therefore, neither the ''Combined Model'' nor the ''New Method'' has sound theoretical basis. These models should be regarded as tentative index for comparing tundish performance.
Nonetheless, there are other methods available in the literature for characterizing fluid flow in tundishes that may be used.
In general, one may fit the parameters of a suitable tundish model to the experimental RTD by means of the regression technique as it was performed by some authors. [4, 5] As an example, suppose that each tundish strand can be modeled by a compartment model similar to that considered by Li et al. [1] : a well-mixed flow volume in series with plug flow volume and a dead volume. The corresponding F-curve is [3] FðhÞ
where h is the dimensionless time:
where Q is the fluid flow rate through the strand (m 3 / s), t is the time (s), V is the total tundish volume (m 3 ), V p /V is the plug flow volume fraction, and V m /V is the well-mixed flow volume fraction. The dead volume fraction (V d /V) for this model is
It is noteworthy that a steel volume that is ''dead'' for a strand may be ''active'' for another strand. Model parameters (V p /V, V m /V, and V d /V) can be determined by means of the method of nonlinear least squares, which is commonly used for nonlinear regression. [6] More specifically, the solution of the following minimization problem should be obtained:
where S is the least-squares function, j is the data index, N is the total number of data points, F j is the F-curve calculated using Eq. [1] at the jth time instant, and F exp,j is the experimental F-curve at the same time instant. In order to illustrate this approach, it was applied to the RTD data measured by Mendonc¸a [7] in a water physical model of a two-strand symmetrical tundish. Figure 1 shows the results obtained for the bare physical model (i.e., without any flow modifier or gas injection). Compartment model parameters were found using the built-in Solver of Microsoft Excel [8] and they are An alternative approach is also available, which is particularly useful for studying asymmetric tundishes. [9] Since the ''active'' volume associated with each strand is unknown, the average residence time associated with each strand is also unknown. So, it is interesting to evaluate the average residence time for each strand, t (s). It can be calculated from both the E-curve and F-curve of each strand: [10] t ¼
where E is the E-curve (s À1 ) and F is the F-curve. The adequacy of this last approach is supported by some literature results [11, 12] of particle flotation in a water physical model.
